In order to understand how isomerization of the retinal drives unidirectional transmembrane ion transport in bacteriorhodopsin, we determined the atomic structures of the BR state and M photointermediate of the E204Q mutant, to 1.7 and 1.8 A Ê resolution, respectively. Comparison of this M, in which proton release to the extracellular surface is blocked, with the previously determined M in the D96N mutant indicates that the changes in the extracellular region are initiated by changes in the electrostatic interactions of the retinal Schiff base with Asp85 and Asp212, but those on the cytoplasmic side originate from steric con¯ict of the 13-methyl retinal group with Trp182 and distortion of the p-bulge of helix G. The structural changes suggest that protonation of Asp85 initiates a cascade of atomic displacements in the extracellular region that cause release of a proton to the surface. The progressive relaxation of the strained 13-cis retinal chain with deprotonated Schiff base, in turn, initiates atomic displacements in the cytoplasmic region that cause the intercalation of a hydrogen-bonded water molecule between Thr46 and Asp96. This accounts for the lowering of the pK a of Asp96, which then reprotonates the Schiff base via a newly formed chain of water molecules that is extending toward the Schiff base.
Introduction
The relative simplicity of ion translocation in bacteriorhodopsin (Haupts et al., 1997 (Haupts et al., , 1999 Lanyi, 1997 Lanyi, , 1998a Oesterhelt, 1998; Wikstrom, 1998) , based on photoisomerization of the all-trans retinal chromophore to 13-cis,15-anti and the ensuing reaction cycle by which the retinal thermally reisomerizes, has motivated three decades of intensive work with this protein. Indeed, from a vast amount of static and time-resolved spectroscopy of various kinds, site-speci®c mutagenesis, and lowresolution three-dimensional and projection maps, a fairly complete description has emerged for the distinguishing characteristics of intermediate states and the nature of their interconversions in the light-driven transport cycle.
The principal question of the mechanism of this pump is how the photoisomerization of the retinal, with only local vectoriality, can drive the directional movement of the transported ion across the width of the membrane. The answer lies in the nature of the photocycle reactions, as well as the structure of the protein and its changes during the transport. In kinetic terms, the photochemical cycle of bacteriorhodopsin appears to be a linear sequence of the spectroscopically identi®ed states BR,{ J, K, L, M, N and O (reviewed by . The K state is distinguished by a distorted 13-cis,15-anti con®guration of the retinal, evident from its large-amplitude hydrogen-out-ofplane vibrational bands (Braiman & Mathies 1982; Siebert & Mantele 1983) , and changes of the hydrogen-bonding of water (Fischer et al., 1994) . The retinal is partly relaxed in the L state, and hydrogen-bonds of protein groups and bound water begin to change (Smith et al., 1986; Roepe et al., 1987; Maeda et al., 1992 Maeda et al., , 1994 Maeda et al., , 1999 Yamazaki et al., 1995 Yamazaki et al., , 1996 Zscherp & Heberle, 1997 (Zima Ânyi et al., 1992b; Brown et al., 1994a; Dickopf & Heyn 1997) , in which the retinal Schiff base comes to a protonation equilibrium with the proton acceptor Asp85, located toward the extracellular side, and this equilibrium is then shifted in two steps to nearly full deprotonation of the Schiff base. The transition of M 1 to M 2 is a reversible step of an as yet unknown nature, and the transition of M H 2 is associated with the release of a proton to the extracellular surface. This proton can be detected by pH indicator dyes, either covalently bound to the protein or in the bulk (Heberle & Dencher, 1992; Zima Ânyi et al., 1992b; Scherrer et al., 1994; Alexiev et al., 1994; Brown et al., 1994a; Cao et al., 1995) . Although there is disagreement over the origin of the released proton (Brown et al., 1995a; Essen et al., 1998; Rammelsberg et al., 1998; Luecke et al., 1998 Luecke et al., , 1999b , it seems clear (Balashov et al., 1995 (Balashov et al., , 1996 Richter et al., 1996a,c) that the decrease of the pK a of the proton release site is coupled to the protonation of Asp85. Because M 1 is in equilibrium with the L state, but M 2`i s in equilibrium with the next, the N state, the reaction M 1 3M 2 is often referred to as the``protonation switch,``that changes``proton access'' of the Schiff base from the extracellular to the cytoplasmic side. In a more recent model of the transport (Brown et al., 1998) , however, the switch cannot be localized to a single reaction of the photocycle, but consists of a combination of events in both extracellular and cytoplasmic regions, as well as the varying local access of the Schiff base.
The N state arises when the Schiff base is reprotonated, while Asp96 to the cytoplasmic side deprotonates (Gerwert et al., 1989; Bousche Â et al., 1991) . In the D96N mutant, a late M state, M N , has been identi®ed , which in some respects resembles N. In the later M (whether it be M 2 , M H 2 or M N ) and N, projection maps and partially three-dimensional maps (Dencher et al., 1989; Subramaniam et al., 1993 Subramaniam et al., ,1999 Han et al., 1994; Sass et al., 1997; Kamikubo et al., 1996 Kamikubo et al., , 1997 Vonck, 1996; Oka et al., 1997 Oka et al., , 1999 Hendrickson et al., 1998) , as well as environmental changes of spin-labels (Steinhoff et al., 1994; Pfeiffer et al., 1999) , had indicated large-scale conformational changes at the cytoplasmic ends of helices F and G and, to a lesser extent, at helices B and C. The change at helix F appeared to be an outwarddirected rigid-body tilt, described also by a large (about 5 A Ê ) increase of the distances between two pairs of strategically placed spin-labels in N ( Thorgeirsson et al., 1997) . In view of the lack of any obvious means by which a proton can be transferred, directly or indirectly, across the rather apolar cytoplasmic region between Asp96 and the Schiff base (Grigorieff et al., 1996) , and the suggestive effects of increased osmotic pressure (Cao et al., 1991) and hydrostatic pressure on the reprotonation of the Schiff base, it seemed that the functional rationale for the conformational changes in the cytoplasmic region may be to allow the in¯ux of water. However, a projection map from neutron diffraction ruled out a net increase of hydration in this region in the M state that accumulates in D96N (Weik et al., 1998) .
In the N state, Asp85 is still protonated and Asp96 is deprotonated, and the retinal-binding site is now relaxed (Fodor et al., 1988a; Ames & Mathies 1990; Pfefferle Â et al., 1991; Sasaki et al., 1994) , accommodating, preferentially (Dioumaev et al., 1998a) , the 13-cis,15-anti con®guration. Because in N the Schiff base is reprotonated, the barrier to double-bond rotation is lowered (Tavan et al., 1985) , and thermal reisomerization to all-trans is made possible. Decay of the N state to produce the O state includes both reprotonation of Asp96 and reisomerization of the retinal. The driving force for these transitions is not clear, but might be the last, unidirectional step of the photocycle, in which the initially very low pK a of Asp85 is re-established, as this residue will deprotonate in a strongly unidirectional reaction to reprotonate the extracellular proton release site (Richter et al., 1996b; Zscherp & Heberle 1997; Balashov et al., 1999; Zscherp et al., 1999; Li et al., 2000) . When a proton is not released from this site earlier in the cycle, as at pH below the pK a for release in the wild-type (Zima Ânyi et al., 1992b) , and in mutants blocked at this step, e.g. in E204Q (Brown et al., 1995a) , the proton is released from Asp85 to the surface at the end of the cycle.
The recent determinations of the crystallographic structure of the BR state to increasingly better resolutions (Luecke et al., 1998; Essen et al., 1998; Belrhali et al., 1999; Mitsuoka et al., 1999) , most recently to 1.55 A Ê (Luecke et al., 1999a) , have supplied many of the missing speci®c molecular details for this picture. The structural models describe an extended three-dimensional hydrogenbonded network of polar side-chains and ordered water molecules of obvious functional signi®cance in the extracellular region of this seven-transmembrane-helical protein, provide the rationale for the stability of the protonated Schiff base in the immediate vicinity of the anionic Asp85 and Asp212, and con®rm the notable lack of such a hydrogen-bonded chain in the cytoplasmic region. Even more signi®cant is that the structures of two of the intermediate states of the photocycle, K and M, have been now determined, to 2.1 and 2.0 A Ê resolutions, respectively. The former was produced in a photostationary state mixture by illumination of the wild-type protein at 110 K (Edman et al., 1999) , the latter by conversion of the D96N mutant to the M state upon illumination at room temperature and rapid cooling to 100 K (Luecke et al., 1999b) . These structures yielded additional insights, particularly into the coupling of events near the retinal to the release of a proton to the extracellular surface.
Although a satisfactory understanding of the mechanism of the transport will require that the structures of the other intermediate states be determined, and at such resolution and accuracy as to reveal all relevant molecular details, it is clear already that the crystallographic approach has changed the way one ought to regard bacteriorhodopsin. Many of the outstanding questions in the photocycle mechanism should be now framed in explicitly structural terms, and the structural descriptions will require revisiting, and in some cases more explicitly interpreting the spectroscopic results. Some of these questions are the following: what is the exact geometry of the distortion in the retinal in the K (Braiman & Mathies 1982; Siebert & Mantele 1983; Rothschild et al., 1984) , L (Fodor et al., 1988b; Diller & Stockburger 1988; Pfefferle Â et al., 1991) , and later in the O state (Smith et al., 1983; Kandori et al., 1997) , suggested by FTIR and Raman data? Is the rationale for these distortions the conservation of free energy for transport, or do they mediate accessibility of the Schiff base in the extracellular and cytoplasmic directions (or both)? How does the relaxation of the con¯icts between the photoisomerized retinal and the protein determine the direction of the sequential ion transfers in the transport cycle? Is a proton transferred directly from the Schiff base to Asp85, as generally assumed from the kinetic correlation between the deprotonation of the Schiff base and the protonation of Asp85, or is this a more complex reaction with possibly the participation of a hydroxyl ion (Luecke, 2000) ? What is the nature and functional rationale of the rigid-body movements of the helices in the cytoplasmic region? How are these movements induced by molecular events in the earlier steps in the photocycle? Does water participate in lowering the pK a of Asp96 and in transferring a proton from Asp96, or the cytoplasmic surface, to the Schiff base? Is there an increase of hydration of the cytoplasmic region as the N state is formed? Or alternatively, is there another process that couples these deprotonation and protonation reactions? In the last photocycle reaction, what is the pathway of the proton from the dissociation of Asp85 from this buried residue to the proton release site near the surface?
The results we report here trace the origin of the cytoplasmic to extracellular direction of ion translocation to the various con®gurational changes of the photoisomerized retinal during the photocycle, which affect the extracellular and cytoplasmic regions differently. Our approach to this question was to determine the structure of the M state produced in a photostationary state of the E204Q mutant, because this mutation blocks the proton release step (Brown et al., 1995a) , and we expected that the M state that accumulates will retain some of the characteristics of M 2 , or at least an earlier M state than the last one before N is formed. For this reason, and to distinguish them from the intermediates de®ned by kinetic and spectroscopic criteria (Zima Ânyi et al., 1992b; Brown et al., 1994a; Dickopf & Heyn 1997) , we regard the M in the photostationary state of E204Q as an``early'' M, and that of D96N (Luecke et al., 1999b) as a``late'' M. Indeed, many of the structural changes we observe in the putative early M are similar to, but of lesser magnitude than those in the previously determined late M. In a satisfying way, the conformational changes in the extracellular and cytoplasmic region correlate with the various changes of the retinal, and provide clues to the causes of directionality in the transport cycle.
Results
Photoproduction and stabilization of an M state in the E204Q mutant For wild-type bacteriorhodopsin, the photocycle reaction of crystals grown in cubic lipid phase had been found to resemble that in purple membrane suspensions (Heberle et al., 1998) . This is not surprising, because the p3 lattice of the membrane sheets has the same packing arrangement and lattice constants as in the x-y crystallographic plane of the P6 3 space group of the three-dimensional crystals. In the E204Q mutant, the decay of the O state is considerably slowed (Brown et al., 1995a) , and in membrane suspensions the photostationary state produced by yellow light at ambient temperature contains primarily the O intermediate. This was not found to be the case for the three-dimensional crystals of the E204Q mutant, however. As shown in Figure 1 (a), in the crystals the BR state is converted to an M state, as indicated by the appearance of a new absorption maximum at about 410 nm, and the disappearance of absorption above 500 nm, comparable to the reference spectrum for the M state in purple membrane suspensions (in Figure 1(b) , data from Gergely et al., 1997) . The amplitude of residual absorbance at 570 nm indicates that less than 7 % of the BR state could have remained in the photostationary state of the illuminated crystals. In contrast, the O state would have been detected as a high-amplitude red-shifted band with a maximum at about 630 nm (Gergely et al., 1997) . The accumulation of M in the E204Q mutant is consistent with kinetic measurements of the photocycle in the crystals (not shown), which indicate the existence of a longlived M state with a similar relaxation time-constant as in D96N, i.e. a slower M decay than in the wild-type. As in the case of the D96N mutant (Luecke et al., 1999b) , the conversion of the BR to the M state was completely reversed within a few seconds at ambient temperature in the dark, and the interconversions could be repeated many times.
Determination of the structures of the BR and M states
We have solved the X-ray structure of the E204Q mutant in the BR state (our unpublished results) at 1.7 A Ê resolution. In this mutant, the structural rearrangements upon the conservative replacement of protonated glutamic acid with glutamine are more extensive than in the case of the D96N mutation (Luecke et al., 1999b) . The changes are con®ned to the extracellular side, and include large side-chain displacements of Glu194 and Gln204, insertion of an additional water molecule between Arg82 and Glu204, which results in generally improved order in this region, and less dramatic changes of the Arg82 side-chain and Wat406. No change was observed in the region near the retinal or on the cytoplasmic side. The details will be described elsewhere. Now, we have determined the structure of the M state obtained by illumination of the E204Q mutant with yellow light at room temperature (as in Figure 1 (a)), followed by rapid cooling to 100 K, at 1.8 A Ê resolution. This M state structure is considerably better ordered than that previously reported for an M state produced in crystals of the D96N mutant (Luecke et al., 1999b) . The increase in resolution from 2.0 A Ê for the late M structure to 1.8 A Ê for the early M intermediate is accompanied by dramatically improved electron density maps (Figures 2, 4 and 6), in which new water molecules could be localized, and the crystallographic R-factors are much better (Table 1 ). In addition, the cytoplasmic ends of helices F and G, which were highly disordered in the M state of the D96N mutant, are now well ordered. Figure 3 shows the details of these and other changes (the structure shown in red, for the M of D96N, will be discussed below). The changed contour of the chain of the isomerized retinal causes upward buckling and moves C 13 in the cytoplasmic direction along the z-axis by 0.6 A Ê . The Schiff base nitrogen atom is displaced by 0.7 A Ê , and CE of the connected Lys216 chain by 1.3 A Ê . The retinal chain in the BR state is nearly completely planar, but in the M state exhibits a small but distinct out-of-plane curvature between C 11 and C 15 (not clearly seen from the viewing angle in Figure 3 ). The CB-CG bond of Asp85 has rotated (Áw 2 48 ) and thus OD2 and OD1 have moved relative to both the Schiff base NZ and OG1 of Thr89, to which Asp85 is hydrogen-bonded in the BR state. OD1, in particular, which is hydrogen-bonded to Wat402 (and Wat401, not shown) in the BR state, is displaced by 1.5 A Ê , and no longer participates in any hydrogen bonds. Asp212 (not shown) has changed much less, with OD1 and OD2 moving about 0.5 A Ê , although the hydrogenbonding of these oxygen atoms is altered. OD1 of Asp212 that lost its hydrogen bond to Wat402 is now hydrogen-bonded to Wat401, in addition to the OH of Tyr57. OD2 gained a hydrogen bond from NE1 of Trp86, in addition to its hydrogen bond with the OH of Tyr185. Movement of the side-chain of Lys216 that follows the con®gura-tional change of the retinal is accompanied by large displacement of its peptide atoms, as described in more detail below.
Structural changes of the retinal and its immediate environment
The electron pair of the retinylidene nitrogen atom of this M state points no longer in the extra- Figure 1 . Identi®cation of the photoproduct in crystals containing E204Q bacteriorhodopsin. (a) Spectra for a crystal, illuminated and unilluminated but lightadapted. Illumination with a yellow laser was for one second at ambient temperature, followed by rapid cooling to 100 K by a cryo-stream of nitrogen gas, and determination of the spectra. (b) Spectra of the BR and M states in wild-type purple membrane suspension, at room temperature, from Gergely et al. (1997). cellular direction, as the N-H bond in the BR state Luecke et al., 1999a) , but it is not turned as completely to the cytoplasmic direction as in the M of D96N (Figure 3 ; Luecke et al., 1999b) . It is oriented toward Thr89, and the Schiff base NZ is now 3.0 A Ê from OG1 of Thr89. While this putative hydrogen-bond donor is out of the plane of C 15 1NZ-CE by about 60 , a hydrogenbond with the Schiff base nitrogen atom seems likely to form for lack of another acceptor of the Thr89 hydroxyl proton. Figure 4 shows a density map for the extracellular region in the M state of E204Q. As in the M state of D96N (Luecke et al., 1999b) , a large displacement moves the side-chain of Arg82 from near Asp85 and Asp212 toward Glu194, and the NH1 forms a hydrogen bond with the glutamate OE1. Figure 5 (a) compares the models for the BR and M states of the E204Q mutant, and in Figure 5 (b) the same comparison is made for the BR and M states of the D96N mutant (Luecke et al, 1999b) . As will be reported elsewhere in more detail, the E204Q residue replacement causes considerable rearrangement of the water molecules near Gln204 in the BR state. The changes of amino acid residues in the M state are similar in the two mutants, however. The largest movement in both mutants is of the side-chain of Arg82, toward the extracellular surface, CZ being displaced by 2.3 A Ê in E204Q and 1.7 A Ê in D96N. This disrupts the hydrogen bonds of NH1 and NH2 to Wat407, and , perhaps because Glu194 is displaced away from, rather than toward, Arg82, might account for the much greater movement of Arg82 in the M state of E204Q. Although the structure of this region is affected by the E204Q mutation itself, the changed electrostatic environment of the Arg82 guanidinium group in the M state is consistent with the notable asymmetry between these nitrogen atoms detected in the M of the wild-type protein by solid-state NMR (Petkova et al., 1999) . It is noteworthy that the observed NMR chemical shifts strongly argue against the possibility that Arg82 deprotonates at this time in the photocycle.
Structural changes in the extracellular region

Structural changes in the cytoplasmic region
Figure 6(a) and (b) show density maps of the cytoplasmic region for the BR and M states of E204Q. While in the BR state the side-chains of Asp96 and Thr46 are hydrogen-bonded to one another (Figure 6(a) ), as in the wild-type (Luecke et al., 1999a) , in the M state a new water molecule, 504, is intercalated between them (Figure 6(b) ). Wat504 is hydrogen-bonded, in turn, to another new water molecule, 503, which is hydrogenbonded also to Wat502, which is present in both the M and the BR state.
The movements of the retinal induce these changes in the region of Asp96 by two different means, as described in the following. Figure 7 (a) shows a chain of covalent and hydrogen bonds that extends in the BR state from the peptide O of Ala215 (hydrogen-bonded to Wat501), where the local interruption of the hydrogen-bonding pattern of the a-helix was termed a p-bulge (Luecke et al., 1999a) , continues with the hydrogen bond between the peptide O of Lys216 and Wat502 to the peptide O of Thr46, and connects ®nally with Asp96 through a hydrogen bond between OG1 of Thr46 and the carboxyl OH of Asp96. The isomerization of the retinal causes considerable local displacements at the p-bulge in helix G via the side-chain of Lys216 that connects them. In particular, CA and the O of Lys216 move by 0.9 and 2.1 A Ê , respectively (resulting in a Ác of 48 for the main chain), and the O of Ala215 moves by 1.0 A Ê . As a result of this, and because of the 0.6 A Ê displacement of the indole ring of Trp182 by the upward travel of the 13-methyl group of the retinal (that moves Wat501 hydrogen-bonded to it from a distance of 3.0 A Ê to the peptide O of Ala215 to 5.0 A Ê ), the hydrogen bond between the Ala215 O and Wat501 is broken. Wat501, still connected to NE1 of Trp182, is now hydrogen-bonded instead to OG1 of Thr178. On the other hand, Wat502 remains hydrogen-bonded to the peptide O of Lys216, but it has moved by 1.3 A Ê , and acquired a 
where hI hkl i is the average intensity of the multiple I hkl,i observations for symmetry-related re¯ections.
I/s(I), average of the diffraction intensities, divided by their standard deviations.
where F o and F c are observed and calculated structure factors, respectively. R free AE hkl e Tj F o À F c j/AE hkl e Tj F o j, where the test set (5 % of the data) is omitted from the re®nement in such a way that all structure factors in each of several thin-resolution shells were selected to avoid bias due to the presence of merohedral twinning.
new hydrogen bond to a new water molecule, 503, that is not evident in the BR state. The displacement of Wat502 in turn moves the peptide O of Thr46, and thereby its OG1. Breaking the connection between Trp182 and helix G thus causes a cascade of movements along the chain, and moves OG1 of Thr46 away from Asp96. The importance of the contact between the 13-methyl group of the retinal and its counterpart in the binding site (now identi®ed as the indole ring of Trp182) is indicated by the observation that in bacteriorhodopsin containing 13-desmethyl retinal the chromophore is in a complex mixture of various isomeric states, with all-trans only a small minority (Ga È rtner et al., 1983) . Directional Transport in Bacteriorhodopsin and C, by 0.4 and 0.9 A Ê , respectively. These movements are evident also, but with increased amplitudes, in the M state of D96N (Figure 8(b) ). This conformational change constitutes the repacking of this region in response to its perturbation by the upward buckling of the retinal at C 13 . It is important that the side-chain of Asp96 follows these side-chain displacements (Figure 8(a) ), and its carboxyl group is displaced toward helix F, OD1 and OD2 by 0.4 and 1.7 A Ê , respectively. As described below, another result of the side-chain motions is the outward tilt of helix F from about residue 179 up to the cytoplasmic surface.
The two kinds of structural changes described above move Thr46 and Asp96 apart, increasing the distance of OG1 of Thr46 to the carboxyl OH of Asp96 from 2.4 A Ê to 3.6 A Ê . A new water molecule, 504, is intercalated between them, hydrogenbonded to both as well as to Wat503 (Figures 6(a) and 7(a)). As discussed below, the appearance of Wat504 will have a profound effect on the proton af®nity of Asp96.
Figure 7(a) shows also that in the M state the region of Asp96 is connected to the main-chain of helix G through hydrogen bonds formed by water molecules 504, 503, and 502 to each other and to the C1O of Lys216 and Ala215. There is now a network of ordered water molecules in the cytoplasmic region that extends from Asp96 to within 7.4 A Ê of the Schiff base. A third view of this region, from the cytoplasmic surface, is given in Figure 9 . It illustrates the hydrophobic side-chains in the channel that connects Asp96 and the retinal Schiff base, and the partial network of water molecules that forms in the M state of E204Q. If a hydrogenbonded chain between Asp96 and the Schiff base is to form, for facilitating proton transfer between them during the rise of the N state, at least two more water molecules will be required to complete it. This will be then the rate-limiting step for the reprotonation of the Schiff base. Figure 10 shows that the cytoplasmic ends of helices F and G are displaced in the M state, but helix E (as the other four helices, not shown) exhibit virtually no movement of this kind. Although the atom-to-atom movements are small (ca. 0.7 A Ê at the cytoplasmic end of helix F), it is clearly discernible that the changes are restricted to the cytoplasmic region, and begin with residue 178 for helix F and residue 223 for helix G. Because the better de®ned mainchain atom displacements of helix F are all in the same direction, i.e. away from the center of the protein and toward helix E, and become larger as the cytoplasmic surface is approached, they describe the rigid-body motion that corresponds to the outward tilt of this helix proposed earlier from projection maps. The location of this tilt suggests that it originates from the repacking of side-chains (Figure 8(a) ) that results in increased separation between helices G and F. This would explain the disorder at the cytoplasmic end of helix F in the M state of D96N (Luecke et al., 1999b) as a further development of the outward tilt, the result of the much greater movements of the side-chains in this state (Figure 8(b) ).
Movements of helices
Local displacements of main-chain atoms within the helices are observed at the p-bulge of helix G (residues 215-216, shown in Figure 10 ), and near Arg82 and Asp96 of helix C (not shown).
Discussion
Kinetic measurements of the bacteriorhodopsin photocycle in membrane suspensions had indicated that in the absence of proton release upon protonation of Asp85, at pH < pK a for release (Zima Ânyi et al., 1992b) , as well as in the E204Q, E194Q, and R82A mutants (Balashov et al., 1993 (Balashov et al., , 1997 Brown et al., 1995a; Dioumaev et al., 1998b) the photocycle is not stalled at the L 6 M 1 6 M 2 equilibrium as expected for the simple linear model of L 6 M 1 6 M 2 6 M 2 H . Instead, as in the wild-type protein at higher pH, the Schiff base becomes nearly fully deprotonated, the result of a still poorly understood reaction of the photocycle. In some mutants the L 6 M 1 6 M 2 equilibrium is dramatically shifted in favor of L, and the transient accumulation of M remains low even after the M 2 3 M 2 H reaction at high pH (Brown et al., 1994a) , but in others, like E204Q, the amount of M detected in the photocycle is as high as in the wildtype (Brown et al., 1995a) .
Nevertheless, we assume that the M state of E204Q retains some features of the M 2 or an earlier M state of the wild-type photocycle. The M state from D96N, in turn, has been proposed to represent the last M state, perhaps the M N state, produced before the formation of N Kamikubo et al., 1996 Kamikubo et al., , 1997 . Based on these assumptions, we reconstruct the crucial molecular events in the cycle. In this analysis we attempt to distinguish the mechanistically meaningful differences between the two M states from those differences that re¯ect the different BR states that gave rise to them. It is signi®cant that at the retinal the differences between the BR states of the wildtype, D96N, and E204Q mutant are negligible, but near Asp96 and particularly in the region of Glu204, distinct structural differences that originate Directional Transport in Bacteriorhodopsin from the D96N (Luecke et al., 1999b) and E204Q mutations, respectively, were noted, and will be considered below.
As shown in Figures 2 and 3 , there are two distinct kinds of con¯icts that arise from the photoisomerization of the retinal.
Electrostatic conflict at the Schiff base with Asp85 and Asp212
In the M state from E204Q, the Schiff base moves 0.7 A Ê in the extracellular direction, and the plane of C 15 1NZ-CE turns toward the cytoplasmic direction, but not fully. In the M state from D96N, the Schiff base is displaced somewhat further, by 0.9 A Ê , in the same direction, and the plane of C 15 1NZ-CE comes closer to being parallel with the z-axis, the retinylidene nitrogen atom assuming the position expected for 13-cis,15-anti from simple model building. This is obviously a more relaxed con®guration than the earlier M. However, the numerous hydrogen bonds in the BR state that involve also water molecules 401 and 402 are broken already in the former M state.
Steric conflict of the 13-methyl group with Trp182
The retinal chain undergoes progressive changes between the two M states we describe. Because movements of the b-ionone ring and the 13-methyl group are hindered by protein residues, in the M from E204Q the retinal remains extended in spite of the intrinsically bent shape of the 13-cis,15-anti con®guration, and accommodates the lesser bend partly by increasing the angle tended by C 12 -C 13 1C 14 (124 versus 114 in the BR state). In the small-molecule retinal crystal structure, and from quantum chemical calculations, this angle is 117-118 for all-trans retinal (Tavan et al., 1985) . Another part of the strain is taken up by movements of the Lys216 chain, consistently with predictions from the FTIR spectra of the M state in samples with isotopically labeled lysine (Takei et al., 1994) . In the M state from D96N, the in-plane upward bulge of the chain at C 13 , that begins in the earlier M, becomes greater (Figure 3) , and the C 12 -C 13 1C 14 angle decreases to 114 , the value in the BR state.
It seems clear that the ®rst increase in the pK a of Asp85 that leads to the L 6 M 1 equilibrium must originate from the disruption of the hydrogen bonds that the anionic Asp85 received from Wat402 and Thr89, and the loss of several water molecules (Luecke et al., 1999b) . The orientation of the Schiff base away from Asp85 in the two M states points to one of the still unsolved questions in the bacteriorhodopsin photocycle: how does the Schiff base become deprotonated and Asp85 protonated in this reaction? If the retinal is thought to assume increasingly relaxed states in successive photocycle reactions, one might expect that in earlier states, i.e. in M 1 and L, it could have a more drastically strained con®guration than in the M in Figure 3 , with the Schiff base N-H bond pointing toward Asp85. If this were the case, a direct hydrogen bond between the Schiff base and Asp85, in the absence of Wat402 could facilitate direct proton exchange between them. There is some experimental support for such a mechanism. From the increased frequency of the coupled C1N stretch and N-H bend mode, it had been suggested that in the L state the Schiff base moves closer to its counter-ion, and enters into a stronger interaction with it than in the BR state (Smith et al., 1984; Alshuth & Stockburger 1986 ). Also, it is known that the absorption maximum of M H 2 in the D96N mutant is shifted from the 412 nm position of M 1 to 407 nm (Zima Ânyi et al., 1992a; Radionov et al., 1996) , and a similar shift is observed in wild-type monomeric arises much earlier than M in the photocycle, the N-H bond of the Schiff base is oriented already fully to the cytoplasmic direction (Edman et al., 1999) .
Alternatively, the highly polarized Wat402 might mediate an indirect proton exchange between the Schiff base and Asp85. If in the L state the Schiff base has the similar con®guration as we ®nd in M (Figures 2 and 3) , and Wat402 is still near Asp85 and Asp212, this water molecule might dissociate to protonate Asp85, and the hydroxyl ion produced could then move to the cytoplasmic side of the Schiff base and receive its proton (Luecke, 2000) . This would have to be a concerted process, because deprotonation of the Schiff base and protonation of Asp85 constitute a single kinetic step. Once Wat402 is re-formed it would presumably diffuse away from the hydrophobic region on the cytoplasmic side of the Schiff base. This scheme explains ion transfer in the same terms as chloride ion transfer in the related protein, halorhodopsin (reviewed by Oesterhelt, 1995 Oesterhelt, , 1998 , and the D85T mutant of bacteriorhodopsin , where Cl À (instead of OH À ) must move from the extracellular side of the protonated Schiff base to the cytoplasmic side. The equivalence of the protonation of Asp85 and the transfer of a Cl À from the extracellular to the cytoplasmic side is indicated by the observation that they both (in wild-type and D85T bacteriorhodopsins, respectively) result in release of a proton to the extracellular surface, that is abolished by the E204Q mutation . We note, however, that this mechanism is also in con¯ict with the reported structure of the K state, because Wat402 is absent near its location in the BR state (Edman et al., 1999) .
The origin of the proton that is released to the extracellular surface upon protonation of Asp85 is not clear, but the observed displacement of the positively charged side-chain of Arg82 toward the extracellular side in the M state of D96N (Luecke et al., 1999b) made it the likely candidate as the agent of the coupling between protonation of Asp85 and deprotonation of the release site. Thus, when the positive charge of Arg82 moves away from Asp85 and toward the proton release site, the pK a of the former is increased and that of the latter is decreased. This simple model explains why the proton release site deprotonates upon protonation of Asp85. It now appears that the changes of water molecules 401, 402, and 406 near Asp85, as well as the displacement of Arg82, are complete, even in the absence of proton release, when the Schiff base has deprotonated. As shown in Figure 5 , the displacement of the side-chain of Arg82 in the extracellular direction in the M state with proton release blocked (in E204Q) is even greater than in the M state after proton release (in D96N). This is consistent with the effects of the E204Q and E194Q mutations on the large, cooperative kinetic deuterium isotope effects on the protonation of Asp85 in the photocycle, which are even greater in the E194Q and E204Q mutants than in the wild-type (Brown et al., 2000) , and suggested that the isotope effects originate from the rearrangement of water molecules and side-chains upon protonation of Asp85, instead of the conduction of a proton to the surface. Importantly, the ®nding we report here, that Arg82 exhibits the same kind of motion in E204Q (where proton release is blocked) as in D96N (where proton release occurs), is strong evidence that the direct cause of this side-chain displacement is not the proton release but the protonation of Asp85.
The C 13 region of the retinal shows progressive movement from the BR state to the M before proton release (E204Q mutant), and the M state after proton release (D96N mutant) (Figure 7(a) and (b) ). In particular, in the former M, the 13-methyl group is displaced by 0.6 A Ê in the cytoplasmic direction, but in the latter M state by 1.3 A Ê . Thus, the kink due to the rotation of the C 13 1C 14 double bond is more fully accommodated by upward``buckling'' of the region of C 13 . The C 10 -NZ distance is 6.9 A Ê in the BR state, decreases to 6.6 A Ê in the former M, and to 6.3 A Ê in the latter M. The upward movement of the 13-methyl group creates steric con¯ict with the indole ring of Trp182, which is moved progressively upward (Figure 7 ). It is interesting that the N-H stretch band of the indole nitrogen atom of Trp182 exhibits greatly increased amplitude in the L state, but not in K or M, or the later intermediates (Yamazaki et al., 1995) . The reason for this amplitude increase might be distortion of the hydrogen bond of NE1 of Trp182 with Wat501 in the L state when the 13-methyl group begins its upward travel, because, unlike in M, Wat501 could be still hydrogen-bonded also to the peptide carbonyl group of Ala215.
It is the movements of the 13-methyl group and the p-bulge of helix G that cause the structural changes in the cytoplasmic region in the second half of the photocycle. As shown in Figures 7 and 8 , in the earlier M the displacement of the side-chain of Lys216 and the local region of the p-bulge of helix G connected to it, and the upward displacement of the indole ring of Trp182 increases the distance between NE1 of Trp182 and the peptide O of Ala215 from 5.4 to 6.7 A Ê . In the late M state, Trp182 moves further and tilts away from the retinal, Wat501 is no longer ordered (or present) in the structure, and the distance between NE1 of Trp182 and the peptide O of Ala has increased to 7.7 A Ê . Here NE1 of Trp182 is hydrogen-bonded directly to OG1 of Thr178. The resulting displacements of the main-chain of helix G and Wat502 that connect this region to OG1 of Thr46, together with the movement of the side-chain of Asp96 upon the coordinated repacking of the side-chains of Thr178, Leu181 and Phe219, interrupt the hydrogen bond between Thr46 and Asp96 in E204Q, and between Thr46 and Asn96 via Wat504 in D96N. We conclude that whether residue 96 is an aspartate or an asparagine residue, the progressively increasing motion of the 13-methyl Directional Transport in Bacteriorhodopsin group of the retinal in the earlier and late M states, is transmitted to it.
In the E204Q mutant, which is indistinguishable from the wild-type in the cytoplasmic region, the movements of the side-chains of Thr46 and Asp96 in the M intermediate allow the intercalation of Wat504 between OG1 of Thr46 and OD2 of Asp96. What is the rationale for this? At the time the M intermediate is present in the photocycle, the pK a of the Schiff base is 8.2, determined from the effect of pH on Schiff base protonation during the photocycle of the D96N mutant . From the [M]/[N] ratio in the M H 2 6 N equilibrium in the wild-type photocycle (Va Âro Â & Lanyi 1991a) , it can be estimated that the pK a of Asp96 should be about 0.5-1 pH unit lower than the pK a of the Schiff base . Because the pK a of Asp96 in the BR state is above 11 (Sza Âraz et al., 1994) , this means that it will have to be lowered considerably. Indeed, this pK a becomes as low as 7-8 at this time in the cycle (Cao et al., 1993; Balashov et al., 1999; Zscherp et al., 1999; Li et al., 2000) . FTIR spectra suggest that the pK a of Asp96 is lowered already in M. There is a downshift of the frequency of the C1O stretch of the protonated carboxyl group of Asp96 in the M state, from 1742 to 1736 cm À1 , a shift observed most easily in the D115N mutant, where the overlapping band of Asp115 is absent . As expected from the change of the hydrogen-bonding status of Asn96 in the M state of D96N (Figure 8) , the C1O stretch of this amide also shifts in frequency .
The involvement of the region between Trp182 and Thr46 in the reprotonation of Asp96 and the reisomerization of the retinal in the photocycle is strongly supported by mutational evidence. Of the well over 100 single-site mutants examined (unpublished results), extreme slowing of the decay of the N state (by three orders of magnitude) is caused by replacements of only six residues, Trp182 (Weidlich et al., 1996) , Thr46 Brown et al., 1994b) , Phe171 (Brown et al., 1995b) , Phe42, Thr90 , and Leu93 (Subramaniam et al., 1991) , all in the region between the 13-methyl group of the retinal and Asp96 (Luecke et al., 1999a) . This is as expected if the thermal isomerization of the retinal from 13-cis, 15-anti to all-trans is dependent on protonation of Asp96, as reported (Dioumaev et al., 1998a) , and during the second half of the photocycle the M, N, and O states are interconverted in equilibrating reactions. The phenotype of the T46V mutant, in particular, con®rms that OG1 of Thr46 modulates the pK a of Asp96. The more rapid reprotonation of the Schiff base and the much slower reprotonation of Asp96 in the photocycle of this mutant Brown et al., 1994b) indicate that Asp96 is easier to deprotonate in the M to N reaction, and imply that its proton occupancy during the decay of N is much less, i.e. its pK a is lowered when threonine is replaced with valine (Brown et al., 1994b) . In the BR state of the wild-type, because the OG1 of Thr46 is a hydrogen-bond donor to the peptide O of Phe42, it must be the hydrogen-bond acceptor to the OD1 of Asp96, stabilizing the latter in the protonated state. Presumably, in T46V the polar carboxyl group of Asp96 binds a water molecule equivalent to Wat504, as in the BR state of the D96N mutant (Figures 7(b) and 8(b) ), and stabilize the anionic state of the carboxyl group.
Asp96 will not deprotonate, even with a lowered pK a , unless the proton can move to its acceptor, the Schiff base. Most suggested models for the reprotonation of the Schiff base require a hydrogen-bonded chain of water molecules in the cytoplasmic region that serve this purpose (Papadopoulos et al., 1990; Cao et al., 1991; Grigorieff et al., 1996) . Very few water molecules that would participate in such a chain could be observed in the M state from D96N where this region differs from the wild-type (Luecke et al., 1999b) , but in the M state from E204Q there seems to be the beginnings of a network that extends from Asp96 toward, but not quite to, the Schiff base (Figures 7, 8 , and 9). The 7.4 A Ê gap that has to be bridged near the Schiff base to complete a chain requires the participation of more water in this region during the M to N transition. Thus, if water facilitates the reprotonation of the Schiff base, as suggested by indirect evidence (Cao et al., 1991; , its rearrangements would have to be the rate-limiting step in producing the N state.
Conclusions
Comparison of the M states of the E204Q and D96N mutants reveals the different kinds of conicts at the photoisomerized retinal, and how their relaxations initiate sequential conformational changes, ®rst in the extracellular and then in the cytoplasmic region. These structural changes determine the direction of the transmembrane movements of the transported protons. Disruption of hydrogen-bonding and charge displacements at the deprotonated Schiff base initiate changes in the extracellular region that lead to release of a proton to the surface. Movement of the 13-methyl group during relaxation of the strained retinal chain, and the connected Lys216 side-chain, then initiate progressive changes in the cytoplasmic region, leading to lowering of the pK a of Asp96 and thus reprotonation of the Schiff base from this side via a transient hydrogen-bonded network.
Materials and Methods
Data collection
Crystals of the E204Q mutant of bacteriorhodopsin grown in cubic lipid phase (Landau & Rosenbusch, 1996) are isomorphous to wild-type crystals and form thin hex-agonal plates, typically about 60 mm Â 60 mm Â 15 mm, with space group P6 3 and strong merohedral twinning (Luecke et al., 1998) . After mechanical extraction of the crystals, the adhering cubic lipid phase was removed by soaking for several hours in 0.1 % octylglucoside solution containing 3 M sodium phosphate at pH 5.6. Diffraction data were collected from cryo-cooled (100 K) crystals at beamline 9.2 at the Stanford Synchrotron Radiation Laboratory (SSRL) using a 2 Â 2 array CCD detector (ADSC, San Diego, CA). For the BR (ground) state structure, a single crystal was light-adapted prior to cryo-cooling as before (Luecke et al., 1998 (Luecke et al., ,1999a . For the M state structure, a light-adapted crystal was ®rst cryo-cooled, then the cryo-stream was blocked for one second while the crystal was illuminated with a randomly polarized yellow laser (5 mW, 594 nm). The crystals became colorless, indicating virtually complete conversion to an M state with deprotonated Schiff base. The spectrum in Figure 1 (a) was determined with a home-constructed instrument based on an Ocean Optics Inc. (Dunedin, FL) model 2000 Fiber Optic Spectrometer (75 mm beamdiameter). Diffraction images were integrated, scaled and merged with DENZO/SCALEPACK (Otwinowski, 1993) .
Refinement
The starting model (1C3W, Luecke et al., 1999a) was re®ned against BR-state and M-state structure factors with SHELXL-97 (Sheldrick & Schneider, 1997) , taking merohedral twinning into account. F o À F c maps were employed in locating additional water molecules. Omit maps and 3F o À 2F c maps were employed extensively in re®tting the retinal, side-chain conformations, and locating water molecules. Due to the quality of the maps, the angle and planarity restraints around the Schiff base (C 13 to CE) were relaxed to minimize bias due to stereochemical restraints. The ®nal E204Q M state model includes residues 5 to 156, 162 to 231, the covalently linked 13-cis retinal, 45 water molecule, and 14 lipid molecules.
Protein Data Bank access codes
The coordinates of the E204Q ground state structure and the E204Q M state structure have been deposited in the RCSB Protein Data Bank with accession codes 1F50 and 1F4Z, respectively.
